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We generalize the mechanism for gravitational baryogensis in the context of f(R) theories of
gravity, including a nonminimal coupling between curvature and matter. In these models, the
baryon asymmetry is generated through an effective coupling between the Ricci scalar curvature
and the net baryon current that dynamically breaks Charge Conjugation, Parity and Time Reversal
(CPT ) invariance. We study the combinations of characteristic mass scales and exponents for both
non-trivial functions present in the modified action functional and establish the allowed region for
these parameters: we find that very small deviations from General Relativity are consistent with the
observed baryon asymmetry and lead to temperatures compatible with the subsequent formation
of the primordial abundances of light elements. In particular, we show the viability of a power-law
nonminimal coupling function f2(R) ∼ Rn with 0 < n . 0.078 and determine its characteristic
curvature scale.
PACS numbers: 04.20.Fy, 98.80.Cq, 98.80.Es
I. INTRODUCTION
One of the major mysteries of our Universe today is
the non-vanishing baryon asymmetry, which is inferred
from the observed baryon-to-entropy ratio [1],
ηobsS ≡
nb
s
. 9× 10−11 , (1)
where nb and s are the baryon particle number and
entropy densities, respectively. In the context of Gen-
eral Relativity (GR), entropy conservation implies that
the number of baryons is proportional to this ratio,
Nb = a
3nb ∼ ηS , where V = a3 is the comoving vol-
ume. It remains constant once the baryon-violating in-
teractions are turned off and it is determined by precise
measurements of the cosmic microwave background ra-
diation (CMB) anisotropy spectrum and the predictions
for the light element abundances produced during Big
Bang nucleosynthesis (BBN) [2].
Starting from a neutral and symmetric universe, we
would naturally expect the same amount of matter and
antimatter. However, we do not see any bodies of anti-
matter up to the scale of clusters of galaxies. Within the
Solar System, only measurements of cosmic rays yield a
flux of antiprotons of about np¯/np ∼ 10−4. This means
that ηS can be regarded as the effective asymmetry pa-
rameter, that is, the ratio of the net baryon number,
nB ≡ nb − nb¯, to the entropy density.
Hence, some mechanism must be in place in order
to generate the overabundance of baryons compared to
antibaryons. Avoiding the out-of-equilibrium scenario,
which was one of the necessary conditions for a non-
vanishing baryon asymmetry proposed by Sakharov [3],
∗ up201200278@fc.up.pt
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Cohen and Kaplan proposed a mechanism for generating
ηS while preserving thermal equilibrium, which is gener-
ally called spontaneous baryogenesis [4].
This can happen if CPT is not a valid symmetry in
the early Universe: although the Standard Model of par-
ticle physics is CPT-invariant by construction; at early
times, these symmetries might not have been already es-
tablished. Then, an expanding universe at finite temper-
ature could in principle violate both Lorentz invariance
— if, for example, some vector field acquires a vacuum
expectation value, as predicted by certain string theories
[5] — and time reversal, before it reaches an isotropic
and homogeneous ground state. This is accomplished
by the introduction of an effective coupling between the
net baryonic current Jµ and a scalar field φ, of the form
Jµ∇µφ. Then, spontaneous baryogenesis can explain the
thermal generation of ηS via the classical motion of a
scalar field, added ad hoc, with specific initial conditions.
Following this work, Davoudiasl considered an iden-
tical coupling, but used the Ricci scalar curvature R
instead of a scalar field [6]: this so-called gravitational
baryogenesis mechanism adds the term below to the ac-
tion functional,
1
M2∗
∫
d4x
√−gJµ∇µR , (2)
where M∗ is the cutoff scale of the effective theory. If
non-vanishing, this term explicitly violates CPT because
it causes an energy shift between particles and antiparti-
cles. In thermal equilibrium, this can be interpreted as an
effective chemical potential for baryons and antibaryons,
µb ≡ R˙/M2∗ = −µb¯. Notice that this interaction eventu-
ally becomes vanishingly small for a matter or radiation
dominated Universe, since the scale factor behaves as a
power-law, a(t) ∼ t2/3(1+ω), thus implying that the scalar
curvature drops as t−2 and R˙ ∼ t−3.
Using the Fermi-Dirac thermal distribution in the lim-
iting case where T  mB , we obtain the usual net baryon
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2number density nB = gbµBT
2/6, where gb ∼ O(1) are
the intrinsic degrees of freedom of baryons. The entropy
density, derived also from equilibrium thermodynamics,
is given by
s =
2pi2
45
g∗S(T )T 3 , (3)
where g∗S(T ), the effective number of relativistic degrees
of freedom contributing to the entropy, is approximately
constant equal to g∗ ≈ 107 for most of the history of the
Universe (the difference between these values being sig-
nificant only at low temperatures, as neutrinos decouple
from the thermal bath).
The baryon number to entropy ratio is then
ηS =
nB
s
≈ − 15gb
4pi2g∗
R˙
M2∗T
, at T = TD , (4)
where TD is the temperature at which the baryon-
violating interactions decouple.
Note that, despite the “gravitational” attribute, grav-
ity itself does not play any special role in this type of
model for baryogenesis: it is only the background seen
by the net baryon current, which exists, in the first place,
due to the existence of some unspecified baryon (B)-
violating force. The coupling (2) then enlarges the B-
asymmetry until its present observational value, which is
fixed when these forces decouple.
In GR, the Ricci scalar curvature is proportional to the
trace of the energy-momentum tensor of matter, R ∼ T .
If the latter behaves as a perfect fluid with an equation
of state (EOS) parameter ω = p/ρ relating the pressure
p and energy density ρ, this reads R ∼ (1 − 3ω)ρ. As
such, in the radiation dominated epoch, characterized by
ω = 1/3, R = R˙ vanishes and no net baryon number
asymmetry can be generated. Modified gravity theories
can easily avoid this, as the ensuing modified equations
of motion can lead to very different relations between the
scalar curvature and T and evade this limitation.
In the past decades, among the different approaches
to generalize GR, f(R) theories have received a growing
attention, being able to explain large scale structure and
the current accelerating phase of the universe without the
need for dark matter or dark energy (see Ref. [7] for a
thorough review). In this context, gravitational baryoge-
nesis may occur, provided the form of the function f(R)
is nearly linear [8].
In an attempt to generalize f(R) theories, one can
include a nonminimal coupling (NMC) between matter
and curvature [9, 10]: amongst other features, a NMC
can also account for dark matter [11] and dark energy
[12] and give rise to the non-conservation of the energy-
momentum tensor [13] (see Ref. [14] for a review).
The purpose of the present work is to investigate how
an NMC can impact gravitational baryogenesis and de-
termine how the correct value for the baryon asymmetry
constraints its parameter space, thus extending the pre-
vious work reported in Ref. [8]. It is divided as follows:
in Section II, the model under scrutiny is presented. Sec-
tion III then proceeds to detail the ensuing gravitational
baryogenesis mechanism and extract the relevant quan-
tities in terms of the model parameters. Section IV uses
the experimental constraints on the latter to constraint
the parameter space of the model, and conclusions are
finally presented.
II. THE MODEL
The action functional of a nonminimally coupled f(R)
theory reads
S =
∫
[κf1(R) + f2(R)L]
√−gd4x , (5)
where κ = (8piG)−1/2 = MP /2 and MP ≈ 2.4 × 1018
GeV is the reduced Planck mass scale, fi(R) are arbi-
trary functions of the scalar curvature R, g is the met-
ric determinant and L the matter Lagrangian density;
the standard Einstein-Hilbert action with a Cosmologi-
cal Constant is obtained by taking f1(R) = R − 2Λ and
f2(R) = 1, while f(R) theories are recovered by setting
f1(R) = f(R) and f2(R) = 1.
There is an equivalence between the above action and
that of a two-scalar field model [15], similarly to what
occurs in f(R) theories [16]: one of these scalar fields is
dynamically identified with the scalar curvature, so that
the transition from spontaneous to gravitational baryo-
genesis appears quite naturally.
The field equations are obtained by imposing a null
variation of the action with respect to the metric,
FRµν =
1
2
f2Tµν + (∇µ∇ν − gµν)F + 1
2
gµνκf1 , (6)
where F ≡ κf ′1(R)+f ′2(R)L(t) is defined for convenience,
and the energy-momentum tensor is given by the usual
expression,
Tµν = − 2√−g
δ(
√−gL)
δgµν
. (7)
The modified field Eqs. (6) and the Bianchi identities
imply that the energy-momentum tensor is no longer (co-
variantly) conserved:
∇µTµν = f
′
2
f2
(gµνL − Tµν)∇µR . (8)
Following the equivalence with a two-scalar field model
[15], this may be recast as an energy exchange between
matter and the former [17].
A. Cosmology
We consider a flat universe with a Friedmann-
Robertson-Walker (FRW) metric
ds2 = dt2 − a2(t)dV 2 , (9)
3where a(t) is the scale factor and dV is the volume el-
ement in comoving coordinates. Matter is assumed to
behave as a perfect fluid, with energy-momentum tensor
Tµν = (p+ ρ)uµuν − pgµν , (10)
where uµ is its four-velocity.
The metric (9) leads to the Ricci scalar curvature,
R = −6(H˙ + 2H2) , (11)
where H(t) ≡ a˙/a is the Hubble parameter.
The tt component of Eqs. (6) yields the modified Fried-
mann equation
− 3(H˙ +H2)F = 1
2
f2ρ− 3HF˙ + 1
2
κf1 , (12)
Likewise, the rr component of the field equations reads(
H˙ + 3H2
)
F =
1
2
f2p+ F¨ + 2HF˙ − 1
2
κf1 , (13)
while the trace of Eqs. (6) yields
3(F¨ + 3HF˙ )− 6
(
H˙ + 2H2
)
F =
1
2
f2(3p− ρ) + 2κf1 ,
(14)
Given that the NMC gives rise to an explicit depen-
dence of the field equations on the Lagrangian density,
we recall that radiation (i.e. matter characterized by an
EOS parameter ω = 1/3) is not only composed of pho-
tons, but also of relativistic particles. Moreover, due to
the presence of the NMC, the on-shell degeneracy of the
matter Lagrangian — which is found in GR — no longer
holds. Following Ref. [18], we adopt the form LB = ρB
for the Lagrangian density of baryons, while for photons
we have Lγ = −pγ (notice the sign change due to the
adopted metric signature).
For a perfect fluid, the energy and number densities
and the pressure are related through p = n(∂ρ/∂n) − ρ,
as obtained in Ref. [19]. Using the EOS parameter, this
condition leads to ρ ∼ n1+ω, so that both relativistic
baryons as well as photons scale as ρ ∼ n4/3, enabling us
to write
ρ = ρB + ργ = ργ
(
1 +
ρB
ργ
)
= (15)
ργ
[
1 +
(
nB
nγ
)4/3]
= ργ
(
1 + η4/3
)
,
where η ≡ nB/nγ is the baryon to photon ratio. By
the same token, the total Lagrangian is the sum of the
Lagrangians of each species:
L = ρB − pγ = ρ− ργ − pγ = ρ− 4
3
ργ (16)
= ρ
[
1− 4
3
(
1
1 + η4/3
)]
.
Now that we have written the Lagrangian explicitly,
Eq. (8) becomes:
ρ˙+ 4
a˙
a
ρ =
f ′2
f2
[ρB − pγ − (ρB + ργ)] R˙ = (17)
−4
3
f ′2
f2
ρ
1 + η4/3
R˙ .
This can be directly integrated, considering η = const.,
which is a good approximation if we neglect particle-
antiparticle annihilation (below TD) and ignore other
processes, such as the production of photons in stars,
as the majority is absorbed by nearby objects:
ρ(t) = ρ0f2(R(t))
− 4
3(1+η4/3) a(t)−4 , (18)
where ρ0 is the the energy density at an arbitrary time
t = t0. In the absence of a NMC, we recover the usual
dependence ρ ∼ a−4 for a radiation dominated universe.
III. GRAVITATIONAL BARYOGENESIS
To determine the cosmological dynamics depicted in
the previous section, we now make the Ansatz that the
scale factor evolves as a power-law, a(t) ∼ tα (with α >
0), so that
H(t) =
α
t
, R(t) = 6
α(1− 2α)
t2
. (19)
We also adopt power-law forms for the functions
present in the action functional (5),
f1(R) = R
( |R|
M21
)m
, (20)
f2(R) =
( |R|
M22
)n
,
where Mi are characteristic mass scales; both m and n
should be close to zero, in order to seek only slight de-
viations from GR. Also, 1 + m and n must be greater
than zero, so that no divergences in the action functional
occur.
To account for other dynamics in the cosmological con-
text, one usually assumes that both functions fi(R) can
be written as a Laurent series,
fi(R) =
∑
j
(
R
Rij
)j
. (21)
A single power-law model may be adopted in a particular
context, such as dark energy or dark matter dominance,
if the values of the scalar curvature relevant in each sce-
nario imply that one of the terms of this Laurent series
dominates the expansion, fi(R) ∼ (R/Rin)n, so that our
treatment is compatible with the application of the model
under consideration to other phenomena. In particular,
4in Subsection IV.A we discuss the competitive effect be-
tween f1(R), constrained to give the observable amount
of matter asymmetry, and Starobinsky’s model for infla-
tion [20].
We take the absolute value of the scalar curvature to
allow it to be negative (i.e. α > 1/2); alternatively, one
could have considered negative values for M2i , although
such notation is less appealing. Notice that, if we had
adopted the metric signature (−1, 1, 1, 1), the curvature
would change sign and we would be excluding the re-
ciprocal region 0 < α < 1/2 — effectively attributing
physical significance to the metric signature. This detail
was overlooked in Ref. [8], which as a result only studied
half of the allowed parameter space.
Following Eq. 18), we have
ρ(t) = ρ0
(
t
t0
)4( 23 n1+η4/3−α)
. (22)
Replacing Eqs. (19) and (22) into the modified field Eqs.
(12-14), we may obtain a relation between the exponents
α and n. Considering Eq. (1), we neglect the extremely
small value of the baryon-to-photon ratio, obtaining
α =
1
2
(
1 +m+
n
3
1− 3η4/3
1 + η4/3
)
≈ 1
2
(
1 +m+
n
3
)
.
(23)
Substituting into Eqs. (12) or (13) and solving for ρ0,
we obtain the energy density
ρ(t) = hmnM
4
P
(
MP
M1
)2m(
M2
MP
)2n
(MP t)
2(n−m−1)
,
(24)
defining the dimensionless quantity
hmn ≡ (3m+ n)(3 + 3m+ n)[3 + n−m(6 + 15m+ n)]
2[3m(6 + 5n) + n(3 + n)]
×
[(
1 +m+
n
3
)
|3m+ n|
]m−n
. (25)
A. Baryon Asymmetry
We now recall the usual result arising from statistical
physics,
ρ =
pi2
30
g∗T 4 , (26)
and explicitly determine how temperature evolves,
T = MP
(
30
g∗pi2
hmn
)1/4(
MP
M1
)m/2(
M2
MP
)n/2
×
(MP t)
(n−m−1)/2
. (27)
From definition (11), it follows that
R˙ =
12(2α− 1)α
t3
. (28)
and the net baryon asymmetry can be written as
ηS ≈ gb
g∗
45
pi2
α(2α− 1)
t3DTDM
2∗
, (29)
where tD is the decoupling time, at which the baryon vio-
lating interactions go out of equilibrium. Notice that the
above can become negative, signalling the excess produc-
tion of anti-matter: this could be corrected by changing
the sign of the interaction term (2).
Inverting Eq. (27), we obtain the relation t = t(T ),
which we insert into Eq. (29) so as to obtain
ηS .
5
2pi2
gb
g∗
lmn
(
MP
M∗
)2(
TD
MP
) 5−m+n
1+m−n
× (30)[
pi
√
g∗
30
(
M1
MP
)m(
M2
MP
)−n]3/(1+m−n)
,
where we have defined the dimensionless quantity
lmn ≡ (3 + 3m+ n)(3m+ n)(hmn)3/2(n−m−1) . (31)
As pointed out previously, it is natural to expect an
operator such as (2) in the low effective field theory, if
the cutoff scale M∗ is of the order the reduced Planck
mass MP . For this choice of M∗, the baryon asymmetry
generated can be sufficiently large for TD = MI [6], where
MI ≈ 2 × 1016 GeV is the upper bound on the energy
scale of inflation, as placed by the Wilkinson Microwave
Anisotropy Probe (WMAP) three-year data set [21]. It
is crucial that TD is placed after inflation, so that the
asymmetry fixed once B-violating interactions decouple
is not diluted by the ensuing exponential growth.
As hinted from the expression above, ηS is very sensi-
tive to the inflationary energy scale MI ∼ TD: therefore,
it is relevant to study numerically how the constraints on
the exponents (n,m) and mass scales Mi are affected by
the choice of the decoupling temperature TD.
B. Entropy Conservation
As the baryon number to entropy ratio is paramount
to our study, it is relevant to assess how the non-
conservation law (8) for the energy-momentum tensor
may affect adiabaticity [17, 22]. In standard cosmology,
the total entropy does not change as the Universe ex-
pands: since we know that, at low energies, there are no
decays in which baryon number is created or destroyed,
the baryon number to entropy ratio ηS is constant. Sim-
ilarly, once large scale annihilation processes have ended,
the baryon to photon ratio η is also constant, and both
quantities can be swiftly related.
To assess the impact of a NMC, we resort to the first
law of thermodynamics,
TdS = dE + pdV , (32)
5where E = ρ(aL)3 and S = s(aL)3 are the internal en-
ergy and entropy contained in an arbitrary comoving vol-
ume of size L, respectively, so that
TdS = d(ρa3) + pd(a3)→ (33)
T
a3
S˙ = ρ˙+ 4Hρ ,
Using Eqs. (3), (17) and (26) leads to
(1 + η4/3)
g∗S(T )
g∗
S˙
S
= −f
′
2
f2
R˙ . (34)
Assuming the baryon to photon ratio to be ap-
proximately constant, as discussed above, and taking
g∗S(T ) ∼ g∗ allows us to directly integrate the above,
obtaining
S(t) ∼ f2(R(t))−
1
1+η4/3 ≈ f2(R(t))−1 . (35)
so that the entropy remains constant in the absence of a
NMC. Its variation can be neglected if it occurs at a rate
much smaller than the expansion rate of the Universe,∣∣∣∣∣ S˙S
∣∣∣∣∣ ≈
∣∣∣∣f ′2f2 R˙
∣∣∣∣ H . (36)
Inserting Eqs. (23), (19) and (20) yields the simple con-
dition |(11/3)n − m|  1, which is naturally satisfied
for the small perturbations n,m ∼ 0 considered in the
preceding section. Thus, we are led to conclude that the
entropy remains approximately constant during gravita-
tional baryogenesis, so that η ∼ ηS ≈ const.
C. Big Bang Nucleosynthesis
We now assess how the gravitational mechanism de-
tailed in the previous sections can generate the correct
amount of baryon asymmetry while maintaining compat-
ibility with the typical temperatures ∼ 0.1− 100 MeV of
BBN, the next major phase in the early Universe. Stan-
dard Cosmology sets the starting point of BBN very close
to T ≈ 1 MeV, when the weak interactions freeze-out
[23]; in our framework, this can be extended to a higher
value, due to the modified Hubble parameter that is used
to define the Universe expansion rate; and to a lower one
- until about 0.1 MeV - which is characteristic of the
temperature at which the mass fractions of the primor-
dial elements get close to unity. This serves to justify
the range of typical temperatures that we allow, taking
into consideration the possible conditions that can delay
the production of the abundances, like properties of the
elements themselves (such as their binding energy) or the
usual “bottlenecks” — the fact that the lack of light ele-
ments can prevent the production of heavier ones (since
they participate in the formation reactions).
Baryogenesis must strictly occur before BBN, so that
the initial conditions are in place to build up the observed
abundances produced at early time, when the energy and
number density were dominated by relativistic particles.
At this stage of the evolution of the Universe, protons
and neutrons are kept in thermal equilibrium by weak
interactions, due to their rapid collisions:
n←→ p+ e− + ν¯e ,
νe + n←→ p+ e− ,
e+ + n←→ p+ ν¯e .
(37)
The weak interaction rate Λ(T ) is determined from the
conversion rates of protons into neutrons. It corresponds
to the sum of the decay rates of each reaction in Ref. (37),
plus the inverse ones. At sufficiently high temperatures,
it is given by
Λ(T ) ≈ 7pi
60
(1 + 3g2A)G
2
FT
5 , (38)
where GF ≈ 1.166 × 10−5 GeV−2 is the Fermi coupling
constant and gA ≈ 1.27 is the nucleon’s axial-vector cou-
pling constant [23, 24].
We are interested in the freeze-out temperature, Tf , at
which the baryons decouple from leptons. To compute
it, one has to equate the rate of the weak interactions
to the expansion rate of the universe, Λ(T ) ∼ H since,
from then on, the weak interaction rates are compara-
tively slower and the primordial abundances start being
produced.
Using g∗ = gBBN∗ = 10.75 and Eqs. (19) and (27), it
follows that
Tf =
[
1
pi
√
30hmn
gBBN∗
(
7pi(1 + 3g2A)
10(3 + 3m+ n)
G2FM
4
P
)1+m−n
×
(
MP
M1
)m(
M2
MP
)n ]1/(5n−5m−3)
MP . (39)
IV. PARAMETER CONSTRAINTS
Given the results obtained above, we first impose the
following set of requirements for the allowed values of the
exponents (n,m):
• The density, given by Eq. (24), must be positive
defined;
• We consider only small deviations from GR, m ∼ 0
and n & 0;
• An expanding Universe requires that α > 0, so that
m > −(1 + n/3).
Using Eq. (24), this yields,
• For α > 1/2, the condition
− (3 + n)n
18 + 15n
< m <
√
216 + 72n+ n2 − n
30
− 1
5
, (40)
6• For α < 1/2, m can only take negative values,
−
√
216 + 72n+ n2 + n
30
− 1
5
< m < −n
3
. (41)
We now ascertain what are the allowed values for the
exponents (m,n) and mass scales Mi compatible with the
observed amount of asymmetry ηobsS and with a freeze-
out temperature in the range [0.1, 100] MeV. To do so,
we equal ηS to its observational value and solve Eq. (30)
for the combination (MP /M1)
m
(M2/MP )
n
. We replace
this into Eq. (39) to finally obtain
Tf = TD
[√
gBBN∗
gBar∗
[
400
343pi
ηobsS
(1 + 3g2A)
3
gBar∗
gb
(3 + 3m+ n)2
3m+ n
×
(
M∗
G3FT
7
D
)2 ] 1+m−n3 ]1/(3+5m−5n)
. (42)
where gBar∗ ≈ 107 corresponds to the relativistic degrees
of freedom of species at T = TD ∼ 1016 GeV, when the
full set of Standard Model particles is effectively massless.
Imposing the requirements outlined at the beginning
of this section and the constraint 10−4 < Tf < 10−1
GeV yields the allowed combinations of exponents (n,m)
shown in Fig. 1, for different choices of the decoupling
temperature TD: in the past decade, the upper bounds
on the inflation mass scale were refined from 3.3 × 1016
GeV [25] to 2× 1016 GeV [21].
As can be seen, the latter does not impact strongly
on the overall shape of the allowed region — indeed, a
smaller TD only slightly shifts the allowed region into the
lower right corner of the (n,m) plane. Admitting TD =
2 × 1016 GeV and considering a trivial NMC (n = 0),
we conclude that all values between −0.07 . m . 0.19
are allowed, although a more precise measurement of MI
could lower the upper limit of this range. Conversely, if
we isolate the effect of the NMC (setting m = 0), we find
that any value of its exponent in the interval 0 < n .
0.078 is allowed.
However, the decoupling temperature scale signifi-
cantly alters the mass scales Mi of our model: as an
example, Fig. 2 presents the scenario when M1 = M2 =
MP , adopting the old bound for MI as the value of the
decoupling temperature, TD = 3.3 × 1016 GeV, showing
that the right amount of baryon asymmetry ηS ∼ 10−10
can be attained.
However, adopting the current bound for the infla-
tionary energy scale, so that TD = 2 × 1016 GeV, Fig.
3 shows that the ensuing baryon asymmetry is insuffi-
cient, ηS . 7× 10−12, thus disallowing the possibility of
both mass scales of our model lying at the Planck scale,
M1 = M2 = MP .
A. Baryogenesis and f(R) theories
In this section we consider a minimal coupling n = 0,
aiming at generalizing the results obtained in Ref. [8]
α+
α- m = - 3 + n6 + 5 n n3
m = - n
3
0.0 0.1 0.2 0.3 0.4
-0.1
0.0
0.1
0.2
n
m
FIG. 1. Allowed regions for the exponents (n,m): α− and α+
correspond to 0 < α < 1/2 and α > 1/2, respectively. From
lighter to darker shade, TD = {1, 2, 3} × 1016 GeV.
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FIG. 2. Baryon-to-entropy ratio ηS contour plot for the choice
M1 = M2 = MP and TD = 3.3× 1016 GeV.
for the exponent m and the mass scale M1. As can be
checked from Fig. 1, we conclude that the former must
lie within the range −0.07 . m . 0.19, for TD = 2×1016
GeV.
We solve Eq. (30) for M1 with n = 0 to obtain it as
a function of the exponent m, with a dependence on the
inflationary and Planck mass scales of the form
M3m1 ∼M3PM2(1+m)∗ Tm−5D . (43)
Since m ∼ 0, this mass scale turns out to be very sensitive
70.00 0.02 0.04 0.06 0.08
-0.10
-0.08
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-0.04
-0.02
0.00
n
m
1×10-12
3×10-12
5×10-12
7×10-12
FIG. 3. Same as Fig. 2, but with TD = 2× 1016 GeV.
to the inflationary mass scale MI ∼ TD, as suggested in
the preceding paragraph.
Fig. 4 shows this behaviour for different values of the
decoupling temperature. For TD = 3.3 × 1016 GeV, the
maximum value M1 = 3.6 × 1018 GeV = 1.5MP is at-
tained for m = −0.04.
Although other values for the exponent m are permit-
ted that correspond to sub-Planckian scales, M1 . MP ,
we might ask what are the implications of having a char-
acteristic mass scale M1 ∼ MP in other relevant cos-
mological scenarios: in particular, this could have some
bearing on inflation, which occurs before the radiation
dominance epoch is attained.
As such, we consider that inflation is driven by a
quadratic curvature term, as posited by Starobinsky [20],
given by f1(R) = R+R
2/(6M2S), in which the linear term
eventually causes inflation to end and MS ≈ 1013 GeV
[7]: a De Sitter inflationary phase is attained as long as
the quadratic term dominates the linear one, correspond-
ing to the condition R &M2S is satisfied.
In this work, we thus adopt the form
f1(R) = R
( |R|
M21
)m
+
R2
6MS
, (44)
so that the quadratic term dominates the dynamics and
enforces inflation if the curvature is high enough,
R & AmM2S , Am ≡
[√
6MS/M1(m)
]2m/(1−m)
(45)
For all the values of the exponent m considered in Fig.
4, we find that Am ∼ O(1), so that this lower bound is
always of the same order of magnitude; as such, we con-
clude that the R1+m term responsible for baryogenesis
has no impact on inflationary dynamics.
Drastically smaller mass scales are obtained for the
current constraint TD = 2 × 1016 GeV: M1 is no longer
of the order of MP , but instead six orders of magnitude
below, M1 ∼ 1012 GeV.
This signals the strong dependence of the mass scale
M1 on the decoupling temperature TD for small values
of the exponent m, as depicted in Fig. 4: indeed, Eq.
(43) shows that for m ∼ 0, M1 ∼ T−5/3mD ; only for the
unphysical case of very large deviations from GR is this
alleviated, since |m|  1 implies that M1 ∼ T 1/3D .
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FIG. 4. Dependence of M1 on the exponent m for different
choices of the decoupling temperature TD.
B. Gravitational Baryogenesis with a NMC
A new result of our work is that a NMC can, by itself,
induce gravitational baryogenesis. In order to isolate its
effect, we set m = 0 in the previous expressions, and con-
clude that the allowed values for n compatible with BBN
and the observed B asymmetry lie within the interval
0 < n . 0.078.
Following the same argument as in the previous para-
graph, we now consider both functions (30) and (39) with
m = 0 in the regime where α > 1/2 and solve them for
the characteristic mass scale M2: this yields the scaling
law M3n2 ∼ M−3P M2(n−1)∗ T 5+nD which, since n ∼ 0, also
leads to the conclusion that the mass scale of the NMC
is very sensitive to the value adopted for the decoupling
temperature, M2 ∼ T
5
3n
D . This is clearly shown in Fig. 5:
in particular, for TD = 3.3× 1016 GeV we get the upper
bound n = 0.070 so that M2 = 6.5 × 1013 GeV, while
TD = 2× 1016 GeV gives a maximum value of n = 0.078
and a much smaller M2 = 2.5× 109 GeV.
V. DISCUSSION AND OUTLOOK
In this work, we have studied how the inclusion of a
NMC affects a mechanism for the generation of baryon
asymmetry through an effective coupling between the net
baryonic current and the derivative of the Ricci scalar,
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FIG. 5. Dependence of M2 on the exponent n for different
choices of the decoupling temperature TD.
that dynamically breaks CPT invariance by inducing an
energy shift between baryon and antibaryon thermal dis-
tributions.
Considering the non-conservation of the energy-
momentum tensor, we integrated the first law of thermo-
dynamics to read the evolution of the entropy: although
it is not constant as in GR, we asserted that the time scale
on which it varies significantly is much larger than the
Hubble time as long as the constraint |(11/3)n−m|  1
is kept: since small deviations from GR imply very small
exponents n and m, this is trivially fulfilled for all cases
approached.
We have constrained the parameter space of a model
with both a non-linear curvature term and a NMC: we
showed that the observed amount of baryon asymme-
try is attained with only a small deviation from GR,
while keeping compatibility with the typical tempera-
tures of Big Bang Nucleosynthesis. We also conclude
that the characteristic mass scales are very sensitive to
the value for the decoupling temperature TD at which the
baryon violation interactions go out of equilibrium and
the baryon to entropy density becomes fixed — which we
admit to be of the same order of magnitude as the energy
scale of inflation.
We have also extended the parameter space of Ref.
[8] by allowing for both positive and negative values
of the Ricci scalar curvature, as its sign changes with
the adopted metric signature and has no physical sig-
nificance: we showed that a curvature term of the form
f1(R) ∼ R1+m with −0.07 . m . 0.19 can, by itself,
generate the right amount of asymmetry. Although the
allowed range of exponents is not very large (nor can
it be, as we expect small deviations from GR, m ∼ 0),
the characteristic mass scale M1 can vary significantly —
again depending crucially on the choice for TD.
Finally, we find that a NMC of the form f2(R) ∼ Rn
is consistent with the observed η-parameter and BBN,
with a small exponent in the range 0 < n . 0.078. As
expected from the application to f(R) theories, the char-
acteristic mass scale M2 is again highly sensitive to the
value of the decoupling temperature.
Future work could focus on the phenomenological con-
sequences of the adopted form for the action functional
and extract independent estimates on its characteristic
mass scales M1 and M2: these could then be used to
better restrict the allowed exponents (n,m) and further
assess what values of TD lead to the desired amount of
baryogenesis — and how these compare with the ever
improving bounds on the energy scale of inflation.
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